Characteristics of indium incorporation in
We report on GaN n-type doping using silane, germane, and isobutylgermane as Si and Ge dopants, respectively. A significant increase in tensile stress during growth is observed for Si doped samples while this is not the case for Ge doping. In addition, Ge can be doped up to 2.9 Â 10 20 cm
À3
, while Si doping leads to 3-D growth already at concentrations around 1.9 Â 10 19 cm
. The free carrier concentration was determined by Hall-effect measurements, crystal quality, and structural properties by x-ray diffraction measurements. Additionally, secondary ion mass spectroscopy and Raman measurements were performed demonstrating the high material quality of Ge doped samples. High n-type doping concentrations are required for many power electronic and optoelectronic devices, for current spreading layers and for simple contacting. At present silicon, mostly using silane (SiH 4 ) as source material, is the preferred dopant for group-III-nitrides in metalorganic vapor phase epitaxy (MOVPE) due to its low cost and simple use. Ge doping in GaN has been reported in the past, [2] [3] [4] [5] but no benefit against Si doping was reported. Dadgar et al. reported 1 that Ge doping in GaN does not lead to additional tensile stress during growth as observed for Si doping with high edge type dislocation densities. [6] [7] [8] Opposing to these observations, Xie et al. reported recently that Ge doping does induce tensile stress proposing a Fermi level induced vacancy generation mechanism forcing dislocation climb. 4 Here, we present a systematic study on the impact of Si and Ge doping on stress development, material quality, and conductivity.
Growth of the samples was performed by MOVPE using an AIXTRON AIX 200/4 RF-S reactor equipped with a LayTec EpiCurve TT AR in-situ system. All samples were grown on (0001) sapphire substrates 0.25 off-oriented towards the m-direction. All structures consist of AlN/AlGaN seed and buffer layers followed by a %1.3 lm thick undoped GaN buffer layer. Subsequently, an approximately 1 lm thick doped GaN layer was grown. GaN was grown at %1075 C as determined by the EpiCurve TT AR with a trimethylgallium (TMGa) flow of 96 lmol/min and an ammonia flow of 89 mmol/min at 200 mbar in hydrogen atmosphere with a total gas flow of 7.5 slm. Silane (SiH 4 , 100 ppm in 6 H H 2 ), germane (GeH 4 , 10% in 6 H H 2 ), or isobutylgermane (IBGe) were used as dopant sources. The achieved free carrier concentrations and electron mobilities were determined by Hall-effect measurements at 295 K and are given in Table I . All samples were also characterized by high resolution x-ray diffraction (XRD) of the (0002) and (10 10) GaN reflections in xÀ2H configuration as well as by x-scans using a Seifert XRD 3003 diffractometer equipped with a multilayer-mirror combined with a fourfold Ge(220) Bartels monochromator and an analyzer crystal. Raman measurements were taken with a Horiba LabRam HR equipped with an Olympus BX41 optical microscope and a 532 nm DPSSL Nd:Yag laser used as excitation source. Secondary ion mass spectroscopy (SIMS) measurements were performed at RTG Mikroanalyse GmbH.
Because of the low incorporation efficiency of germanium, 6-8 a three orders of magnitude higher germanium mass flow rate was required to achieve similar doping levels compared to Si in the MOVPE process. This originates in a vapor pressure driven incorporation. For a Si doping level of 6 Â 10 19 cm
, the molar flow rate was 0.047 lmol/ min. However, it was not possible to exceed a Si doping level of 6 Â 10 19 cm À3 due to the decreasing material quality with increasing carrier concentration. For approximately the same Ge doping levels, the molar flows were 21.47 lmol/ min and 26.77 lmol/min for IBGe and GeH 4 , respectively. For the upper Ge doping level of 1.9 Â 10 20 cm
, 48 lmol/ min Ge precursor flow, thus about half of the TMGa flow rate of 96 lmol/min was required, revealing the ineffective incorporation of Ge in contrast to Si.
Silane doping in the upper 10 18 cm À3 range and above leads to a clearly distinguishable XRD signature with two reflection signals originating in two differently strained GaN layers ( Fig. 1 ), as already reported by Xie et al. for Si and Ge doping. 4, 6 We do, however, not observe such a feature for any Ge doped sample even at the high doping concentration of 1.9 Â 10 20 cm
, grown under the same growth conditions and independent of the Ge source. The total GaN reflection position only shifts with the strain of the entire APPLIED PHYSICS LETTERS 100, 122104 (2012) structure that is slightly different from run to run. Additional x-ray transmission scattering measurements (not shown here) were performed to analyze the a-lattice constant evolution of the entire GaN stack pointing out a coherent growth of all GaN:Ge layers without any evidence for a shrinked or expanded GaN a-lattice constant with increased Ge incorporation. Confirming the symmetric XRD scans in Fig. 1 , the a-lattice constant increases for the GaN:Si structures exceeding a carrier concentration of 6.7 Â 10 18 cm
. Supplemental grazing incidence in-plane diffraction measurements, that mainly give information about the surface, reveal a compressively stressed GaN:Ge surface for all Ge doping levels but a relaxed GaN:Si surface for Si doping levels higher than 6.7 Â 10 18 cm
. If the impact of both dopants, Si and Ge, on dislocation climb is the same, a XRD reflection splitting of about the same magnitude would appear in both cases. In further experiments, the free carrier concentration could be increased up to n Ge % 2.9 Â 10 20 cm
. This is the maximum Ge doping concentration, whereas further increase of the dopant molar flow did not lead to higher carrier concentrations. Decreasing the underlying GaN buffer quality from 530 arcsec to 900 arcsec (x-(0002)-FWHM), keeping the molar flow for maximum Ge doping concentration fixed, a very weak splitting in the XRD signal appeared (not shown here). Although the Ge doping concentration is about a factor of 30 higher, this effect is much smaller compared to Si-doping induced XRD signal splitting. Thus, we can exclude a Fermi level induced dislocation climb mechanism for this observation.
All symmetric x-scans were compared with undoped reference samples showing a varying x-FWHM from 490 to 650 arc sec independent from any doping level. Therefore, we cannot attest any crystal quality degradation through dopant incorporation.
Also the in-situ measurements do not indicate a change in curvature slope for Ge-doping (Fig. 2) . At n Si % 1.9 Â 10 19 cm
, the GaN surface is becoming rough and at n Si % 6 Â 10 19 cm
, the surface roughens on a micrometer scale resulting in a completely rough GaN surface (Fig. 3) . This is in accordance with the in-situ curvature measurement where the slope during Si doping is first increasing due to the enhanced tensile stress but then decreasing when surface roughens and consequently stress relaxation begins (Fig. 2) . This is also confirmed by the XRD signal where the reflection splitting becomes smaller when stress relaxation occurs (Fig. 1) . In contrast, the GaN:Ge surface, as it is depicted in Fig.  3 , shows no surface roughening for all doping concentrations. The surface is mirror-like and smooth for both Ge dopant sources. All GaN:Ge samples show a high transparency independent of the Ge doping level. The occasional appearance of pits at the surface, which we attribute to decorated screw-type dislocations, can be prevented by improving the underlying GaN buffer quality with an additional SiN-mask insertion.
Raman spectroscopy reveals high quality material for the Ge doped GaN, e.g., no significant broadening of the E 2 (high) mode, which is very sensitive on the structural quality, is observed (Fig. 4) . For the samples doped with GeH 4 , the E 2 (high) modes FWHM increases from 2.1 to 2.3 cm À1 with increased doping concentration, whereas for the Si doped samples, it increased up to 4.6 cm À1 . For high Si doping levels, the incorporation becomes very inhomogeneous, examined by measurements at different sample positions. Longitudinal-optical phonon-plasmon (LPP) coupling additionally indicates a high free carrier concentration. In the highly doped GaN:Si films, the E 2 (high) mode is shifted to lower energies where LPP coupled modes are observed, indicating local tensile strain in these areas. In addition to the A 1 (LO)-mode originating from the undoped GaN buffer layer, all doped samples show LPP-modes. A comparison of the measured LPP À -mode position with simulated values provides a good agreement with the carrier concentration results from Hall-effect measurements for the Ge doped samples. 9 Slightly better properties were found for the use of GeH 4 compared to IBGe, e.g., an improved homogeneity of the local carrier distribution and a lower local luminescence background is observed. In comparison, the Si doped samples show a weak and broad LPP À mode peak due to the superposition of locally varying carrier concentration dependent modes. The LPP þ -mode could only be observed for the very low doped samples; for higher doping level, the strong detuning from the A 1 (LO) host mode leads to strong damping and broadening which prevents firm fitting and analysis of LPP þ -modes in that range of carrier concentration. 10 For all samples, a peak related to structural defects is observed at 658 cm À1 . 11, 12 The Ge concentration determined by SIMS for the highly doped samples is in good agreement with the Halleffect data with a mean deviation of 30%. Furthermore, SIMS demonstrates that for all dopant sources contaminations of C are below the detection limit in the 10 16 cm
range. Oxygen impurity concentrations in the upper 10 17 cm À3 range were measured for highly Ge-doped samples with a high surface pit density. Ge-doped samples with the same carrier concentration but without pits exhibit an oxygen impurity concentration below the detection limit of 10 16 cm
. Nevertheless, these impurities being low in concentration, we can exclude these dopants to have any effect on our electrical or XRD measurements.
We observed that Si doping induces tensile stress which is not the case for Ge doping even in the high 10 19 cm À3 range. This rules out that under typical GaN growth conditions, the Fermi level position of highly n-doped GaN generates vacancies that interact with edge type dislocations inducing dislocation climb and tensile stress. 6 Unfortunately, Xie et al. 4 have not presented any details on their growth experiments. Thus it is at present difficult to reproduce and interpret their results. However, from our experiments, we can conclude that dislocation climb by Si doping is most likely due to a previously described masking effect 13 apart from other sources as high compressive stress which can cause a similar effect. 16 Dislocation climb by an enhanced Ga vacancy formation due to the high Fermi level position can be excluded for our samples. It is, however, possible that growth conditions favoring Ga vacancy formation are leading to a Fermi level dependent dislocation climb. Si 3 N 4 , 14 that is assumed to mask the dislocation core, is temperature stable up to 1400 C, well above our growth temperatures. The analogous compound Ge 3 N 4 is only stable up to 800 C and decomposes at higher temperatures. 15 The vapor pressure driven Ge incorporation is another indication for the high instability of the Ge-N bond.
In summary, we have demonstrated the superiority of Ge doping if compared to Si in regard of achievable free carrier concentrations up to 2.9 Â 10 20 cm À3 , surface smoothness, and impact on layer stress. No additional tensile stress was induced for any Ge doping level that was examined by in-situ curvature monitoring and XRD measurements. Raman spectroscopy reveals the high material quality of all GaN:Ge samples and a homogeneous carrier distribution. Furthermore, the Raman measurements show a good agreement with the free carrier concentrations determined by Hall-effect measurements.
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